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ABSTRACT 
 
Compton, Alex David.  M.S.E.E. Department of Electrical Engineering, Wright State 
University, 2014.  High-Efficiency Wideband RF Power Amplifier with Electronically 
Tunable Resonant Network. 
 
 
 This thesis presents a high-efficiency Class-F power amplifier (PA) operating 
from 30-88 MHz through the use of an electronically tunable resonant network.  While 
conventional Class-F designs are limited to operation over less than an octave, the 
proposed design utilizes reconfigurable reactive elements in order to cover the entire 
VHF-FM frequency range.  A real circuit implementation using GaN HEMT is designed 
and simulated, with the notable design considerations examined in detail.  A minimum 
power added efficiency (PAE) of 71.7% is achieved across the band, at output powers   
  ≥ 49.2 dBm.  This combination of  high output power and high-efficiency operation 
across a wide frequency range creates opportunities for the design’s use in various 
commercial and defense applications where power consumption is a major design factor, 
most notably Unmanned Aerial Vehicle (UAV) systems. 
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1 Introduction 
1.1 Background 
  
 A radio-frequency (RF) power amplifier (PA) is an electronic device used to 
amplify a low-power radio-frequency signal into a signal at a higher power level, often 
for use in wireless communications systems.  Key characteristics of a PA are its 
efficiency, gain, output power, return loss, and linearity.   An ideal power amplifier is 
highly linear, producing an accurate, amplified reproduction of the input signal’s phase 
and envelope, and has an efficiency of 100%.  In practice, however, it is impossible to 
approach these theoretical values due to losses associated with a physical circuit 
implementation, such as parasitics and inherently lossy components.  [1], [2], [3]    
 There exist two major categories of power amplifiers: linear, in which the 
transistor operates as a voltage- or current-dependent current source, and switch-mode, in 
which the transistor functions as a switch.  At its most basic level, an RF PA consists of 
an input network, output network, transistor, RF choke, and DC-blocking capacitor.  A 
simplified PA circuit diagram is shown in Figure 1.  The RF choke isolates the DC 
supply from the RF signal, while the DC-blocking (or “coupling”) capacitor 𝐶𝐵  isolates 
the output network from the supply voltage. 
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Figure 1  Basic single-ended power amplifier 
 
 A linear power amplifier is categorized primarily by its conduction angle, defined 
as the proportion of the input cycle during which the transistor is conducting current.  
Conduction angle is typically defined in terms of degrees, where a device conducting for 
the entire cycle is said to have a conduction angle of 360°.  Linear PAs can be divided 
into classes based on this parameter, with the most common being A, B, AB, and C.   [2] 
 In Class-A operation, the transistor conducts for the entire cycle, yielding a 
conduction angle of 360°.  The Class-A circuit consists of a transistor, coupling 
capacitor, RF choke, and parallel resonant LC circuit.  For an ideal transistor with zero 
knee voltage, the drain current and drain-to-source voltage are both sinusoidal.  The DC 
supply current is given by 
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𝐼𝐼 = 𝐼𝑚(max⁡) =
𝑉𝑚(𝑚𝑎𝑥)
𝑅
=
𝑉𝐷𝑆
𝑅
= ⁡
𝑉𝐼
𝑅
 
(1) 
and the maximum theoretical drain efficiency is  
𝜂𝐷(max) =
𝑉𝑚(𝑚𝑎𝑥)
2𝑉𝐼
=
1
2
(1) =
1
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(2) 
The Class-A configuration is highly linear but inefficient, with a maximum 
theoretical efficiency of only 50%, as seen in (2).   Because the transistor is always 
conducting, the Class-A PA exhibits low harmonic distortion and intermodulation 
distortion, making it suitable for accurate amplification of amplitude-modulated (AM) 
signals.    [1], [3] 
 In Class-B operation, the operating point of the transistor is precisely at the 
boundary between the cutoff and active regions, and the conduction angle is 180°.  Like 
the Class-A amplifier, the Class-B PA circuit consists of a transistor, coupling capacitor, 
RF choke, and parallel resonant LC circuit.  While this improves efficiency, linearity is 
reduced due to the half-sinusoidal drain current waveform, which leads to harmonic 
distortion at the output that requires additional filtering.  By reducing the conduction 
angle to 180°, the Class-B PA achieves a theoretical maximum efficiency of 78.5%, 
though the halving of the conduction angle also causes a minimum 3dB reduction in gain 
compared to Class A.      
The Class-AB PA, as its name indicates, operates in the region between classes A 
and B, with a conduction angle between 180 and 360 degrees.  It shares the same circuit 
structure as Class B, and has a theoretical maximum efficiency between 50% and 78.5%.  
[2]   
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 Just as a reduction in the conduction angle from Class A to Class B resulted in 
improved efficiency, a further reduction in conduction angle to below 180° leads to 
additional efficiency improvements in the Class-C PA.  Because the conduction angle can 
range from 180° down to 0°, the theoretical efficiency of the Class-C PA is 100%; 
however, as the conduction angle is reduced, so is the output power, reducing usability 
for many applications.   
 Switch-mode PAs utilize one or more transistors operated as a switch and are 
generally classified in one of three main categories: Class D, Class E, and Class F.  In 
comparison to the linear power amplifiers discussed above, switch-mode PAs exhibit 
high efficiency and low linearity. 
The Class-D PA uses two or more transistors operating as switches in order to 
create square-wave drain-to-source voltages, such that  only one transistor at a time is 
switched on.  While in the ideal case this results in an efficiency of 100%, in practical 
designs performance suffers due to less-than ideal switching speed and drain capacitance.  
This leads to power loss that increases with frequency, limiting the applications for the 
Class-D configuration. [2] 
 The Class-E PA uses a single transistor as a switch, and capitalizes on the same 
drain capacitance that hindered the performance of the Class-D PA.  This capacitance is 
used along with a tuned output network in order to shape the drain voltage and current 
and minimize the overlap in their waveforms.  In the ideal case, the drain voltage is zero 
and has zero slope at the instant that the transistor turns on.  This condition is known as 
zero-voltage switching (ZVS) and significantly reduces power loss, leading to a 
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theoretical maximum efficiency of 100%.  However, Class E achieves lower output 
powers than Class D.  [2], [4] 
 
1.2 Class-F PA 
 
 In order to achieve both high efficiency and increased output power, the Class-F 
power amplifier (Figure 2) utilizes harmonic resonators in the output network in order to 
shape the drain voltage and current waveforms.  In contrast to other designs such as Class 
B, which suffers from the effects of harmonics at its output, the Class-F PA uses these 
harmonics to improve performance and increase efficiency. 
 
Figure 2   Class-F PA with second and third harmonic resonators 
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 Resonators tuned to increasing harmonic frequencies are incorporated into the 
output network of the PA such that odd harmonics are presented with an open circuit and 
even harmonics are presented with a short circuit.  In an ideal case, with infinite 
harmonics controlled, this shapes the voltage waveform into a square wave and the 
current waveform into a half sine wave.  This eliminates overlap in the voltage and 
current waveform, as shown in Figure 3.  Therefore power dissipation in the transistor is 
reduced to zero, since the drain voltage is low when drain current is high and high when 
current is low, increasing the theoretical drain efficiency to 100%.  No power is 
dissipated at the harmonics because at each of these frequencies either the current or 
voltage is zero.  [1]    
 
 
Figure 3  Ideal Class-F voltage and current waveforms 
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The drain-to-source voltage 𝑣𝐷𝑆 of a Class-F PA is given by 
 
𝑣𝐷𝑆 = 𝑉𝐼 − 𝑉𝑚𝑐𝑜𝑠𝜔0𝑡 +⁡ ∑ 𝑉𝑚𝑛 cos 𝑛⁡𝜔0𝑡
∞
𝑛=3,5,7,…
 
 
(3) 
 and the drain current is 
 
𝑖𝐷 = 𝐼𝐼 + 𝑖𝑚𝑐𝑜𝑠𝜔0𝑡 +⁡ ∑ 𝐼𝑚𝑛 cos 𝑛⁡𝜔0𝑡
∞
𝑛=2,4,6,…
 
 
(4) 
 The voltage waveform is shaped due to an increasing number of odd-harmonic 
resonators, with the ideal square-wave shape achieved at n= ∞.  Similarly, the current 
waveform shaping occurs due to an increasing number of even-harmonic resonators, with 
the optimal half sine wave shape occurring at n= ∞.  In practice, only the second and/or 
third harmonics are typically controlled (“Class-F2,3”), as this reduces circuit complexity 
while still obtaining the benefits of the harmonic resonators that account for the majority 
of the efficiency improvement.  Resonators have inherent lossy characteristics, and 
additional harmonic resonators contribute less and less to the efficiency of the amplifier, 
providing diminishing returns and little net efficiency improvement. While a Class-F PA 
can have any conduction angle less than 360°, in most cases the drain current conduction 
angle is 180°, just as in the Class-B PA.  The ideal Class-F2,3 PA has a maximum 
theoretical efficiency of 81.65%.   [5], [6] 
 While a Class-F PA presents a short circuit to even harmonics and an open circuit 
to odd harmonics, an Inverse Class-F PA (Class F
-1
) does the opposite: it presents a short 
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circuit to odd harmonics and an open circuit to even harmonics.  Compared to the 
standard Class-F PA, this creates a reversed set of waveforms, with the voltage 
approximating a half sine wave and the current approaching a square wave.  The 
performance of this configuration is comparable to that achieved by the Class-F PA, and 
is possibly a better choice for the UHF frequency range.  [7], [8]   Table 1 summarizes 
the characteristics of the various PA classes discussed here. 
 
Table 1   PA classes and characteristics 
Class  
Conduction 
Angle  
Maximum 
Theoretical 
Efficiency  
Linearity 
A  360°  50% Good 
B  180°  78.5% Poor 
AB  >180° , <360°  >50% , <78.5%  Moderate 
C  <180°  100% Poor 
D  ---  100% Poor 
E  ---  100% Poor 
F, F
-1 ---  100% Poor 
 
 
1.3 Motivation 
 
RF power amplifier design often involves a tradeoff between efficiency, output 
power, and linearity, among other parameters.  While the goal is a PA that excels in all 
aspects, in reality one must typically sacrifice performance in one area in order to obtain 
the desired characteristics in another.  One PA design might feature excellent linearity but 
poor efficiency, while another might achieve very high efficiency at the expense of a 
limited maximum output power.   
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In a modern RF communications system, the power amplifier is typically the 
component which consumes the most power, generates the most thermal energy, and 
contributes most heavily to the overall requirements for size, weight, and cooling.  There 
is an increasing demand in aerospace and defense applications for smaller, lighter 
equipment that costs less and consumes less power.  With the rapid development and 
proliferation of Unmanned Aerial Vehicles (UAVs) in military and civilian applications 
worldwide, these requirements continue to be at the forefront of RF system design. 
This thesis addresses the opportunity to introduce a high-efficiency power amplifier 
capable of achieving higher output powers than previous designs across a wide frequency 
range.  This will be accomplished through the use of a Class-F PA, which shapes the 
drain voltage and current waveforms with harmonic resonator networks in order to 
achieve significantly greater efficiencies at higher output powers than other PA classes.  
While conventional Class-F PAs are limited to use at a single frequency or over a narrow 
bandwidth, the design detailed in this report is capable of high-efficiency amplification of 
RF signals over the entire 30-88 MHz band through the use of electronically tunable, PIN 
diode-switched resonant networks.  This approach enables the presentation of the 
appropriate impedances to the second and third harmonics of any desired operating 
frequency in the 30-88 MHz range.  While a Class-F PA is not suited for use with 
amplitude-modulated (AM) signals because of its poor linearity, it can achieve excellent 
performance with FM and other constant-envelope signals. The 30-88 MHz frequency 
range is designated for military communications use, primarily with FM signals, and for 
this reason the tunable Class-F PA is an ideal candidate to achieve multi-octave, high-
efficiency, high-power Class-F operation across the VHF-FM band.   This work was 
9 
 
sponsored by a manufacturer of RF interference mitigation equipment in order to 
investigate the feasibility of a production Class-F design meeting the desired 
specifications.  Initial design goals are shown in Table 2. 
Table 2  Class-F PA design goals 
Specification Goal 
Efficiency >60% 
Output Power ≥ 25W (~44 dBm) 
Power Gain > 10dB 
Frequency Range 
30-88 MHz (VHF 
Low) 
 
While many other Class-F designs in the literature ([8], [9], [10], [11], [12]) 
exhibit high efficiencies at low to moderate output powers, they operate at a fixed 
frequency at or above 2 GHz.   [13] achieves high efficiency, higher output power, and 
operates over a 600-MHz range from 1.6~2.2 GHz.  However this design achieves lower 
output power than desired and uses a wideband, non-tunable design which exhibits >23% 
variation in efficiency over the operating range.  In contrast, the design proposed in this 
thesis will cover 30-88 MHz with a tunable output network to achieve higher output 
power and more consistent high efficiency across the band.  Another design has been 
published in [3] which incorporates a reconfigurable output network using a transformer-
based resonator to cover 700 to 1200 MHz, but it achieves an efficiency of less 50% and 
an output power less than 25dBm.  The performance of these various designs is 
summarized in Table 3. 
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Table 3  Performance of published Class-F and F-1 designs 
Reference Efficiency 
Output 
Power Bandwidth 
[8] 73% 22.6 dBm Fixed (2.45 GHz) 
 [9]  75.75%  40.7 dBm Fixed (2.5 GHz) 
[10] 70.5% 19.85 dBm Fixed (2 GHz) 
[11] 55.7% 46 dBm Fixed (2.35 GHz) 
[12] 85% 42.17 dBm Fixed (2 GHz) 
[13] >60% (83.9% peak) 42.2 dBm 
600 MHz (1.6 ~2.2 
GHz; 31.6 percent 
BW; wideband, not 
tunable) 
[3] 48.4% 24.6 dBm 
500 MHz (700 to 1200 
MHz, reconfigurable 
output network) 
 
1.4 Objective 
  
 While the Class-F configuration has received significant attention in academic 
literature, no commercial Class-F designs are known to the author at this time.  The goal 
of this research and subsequent work is to bring such a design out of the academy and 
into the commercial market.  In more specific terms, the objective of this thesis is the 
design, simulation, and analysis of a Class-F power amplifier capable of high-efficiency 
operation at high output power across the 30-88 MHz band.  This will be achieved 
through the use of electronically tunable, PIN diode-switched resonant networks capable 
of reconfiguration for operation at the desired fundamental operating frequency.    
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1.5 Thesis Outline 
  
 The first section of this report provides an overview of the common PA classes in 
terms of their defining characteristics, performance, and limitations.  It describes Class-F 
operation, the focus of this thesis, in greater detail. Section two describes the design of 
the Class-F PA, from the transistor to the resonant networks and switching circuit. 
Section 3 presents the results of the simulations performed with the new design, while 
Section 4 summarizes the results and contains a discussion of future work. 
2  Design 
 
2.1 Class-F PA Design 
 
The real implementation of the Class-F PA circuit used for simulation contains 
primarily lumped elements on a 2-layer Rogers 4350B 30-mil substrate with a dielectric 
constant εr = 3.66.  A tunable load network consisting of a series resonator in series to 
ground to present a short circuit at the second harmonic and a parallel resonator to 
present an open circuit at the third harmonic.  The top-level Class-F PA simulation 
schematic is shown in Figure 4.  The input resistor and capacitor network is necessary for 
the stability of the PA circuit.   
12 
 
 
Figure 4  Top-level schematic of Class-F PA simulation 
  
The source circuit utilizes a 50 to 12.5 ohm impedance transformer from the 
Xinger series manufactured by Anaren (part number  XMT0310B5012).  An 80 ohm 
resistor is placed between the transistor gate and RF ground in order to improve input 
return loss and stability, and the gate bias is set at -2.7V.  A schematic diagram of the 
source circuit block is shown in Figure 5. 
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Figure 5  Schematic diagram of source circuit block 
 The load circuit also uses the Anaren 50 to 12.5 transformer, which allows for a 
compact circuit design.   A schematic diagram of the load circuit block is shown in 
Figure 6.  The series resonant network highlighted by the red ellipse on the left is 
designed to present a low impedance (short circuit) at the second harmonic.  The parallel 
resonant network highlighted by the magenta ellipse on the right presents a high 
impedance (open circuit) at the third harmonic.  As previously discussed, each of these 
networks consists of a fixed inductor, one fixed capacitor, and a bank of 8 capacitors 
selectable via PIN diode switches.   
14 
 
 
Figure 6  Schematic diagram of load circuit block 
 
The DC bias is provided by a 50V drain supply, and the quiescent drain current is 360 
mA.  The RF choke is a 500nH Coilcraft 2929Sq-501, and its simulation model is shown 
in Figure 7.  Its resonant frequency is 1390 MHz; more than 15 times higher than the 
maximum operating frequency of this design, 88 MHz. 
 
 
Figure 7  Simulation model of load circuit RF choke 
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2.2 Transistor Selection and Characterization   
 
Power transistors used in RF PAs are categorized in terms of characteristics such as 
breakdown voltage and saturated drain current.  For a specified amount of power at a 
given maximum drain voltage, the corresponding load impedances follow the Smith 
chart’s parallel-resistance lines.  Similarly, the impedances for a given maximum current 
lie along the series-resistance lines. In an ideal PA the resulting constant-power contour is 
oblong in shape.  [2] 
 In a practical PA circuit, the transistor has a drain capacitance and parasitic 
inductance associated with its package.  In PA design, the “virtual drain” is defined at the 
intrinsic plane of the device, and serves as reference point for harmonic impedances.  
This point is unmeasurable in practice due to the physical structure of the package itself, 
and many PAs, especially those not concerned with harmonics, are designed with respect 
to the package reference plane.  However, for high-efficiency designs the harmonics must 
be terminated at the virtual drain, and this requires the design to account for the 
characteristics of the device package.    [14], [15]  
A load pull measurement varies (“pulls”) the impedance presented to a device 
while measuring its resulting performance, commonly in terms of efficiency and power.  
This allows for the determination of the optimal loading conditions to achieve the desired 
operation.  When using the load pull technique in simulation software, such as AWR 
Corp’s Microwave Office (MWO), an accurate device model allows for the calculation of 
16 
 
the optimal impedances at the package reference plane in order to achieve ideal 
conditions at the virtual drain.  [16] 
 The CGHV40100F, a Gallium Nitride (GaN), high electron mobility transistor 
(HEMT) manufactured by Cree, Inc., was selected for this design.  This device meets or 
exceeds all of the required specifications for this PA.  In addition, Cree provides a 
detailed simulation software model of the transistor, which was a major factor in its 
selection for this circuit.  The model, seen in Figure 8, includes two ports that allow for 
the measurement of drain voltage and drain current at the intrinsic plane of the device.  
These measurements can be plotted in order to analyze the non-overlapping waveforms 
indicating Class-F operation, and the model also allows the optimal impedances to be 
determined through simulation.  If such a detailed model were not available, it would be 
necessary to factor in more information or use an additional model of device parasitics 
due to packaging and placement in order to arrive at the intrinsic plane measurements.  
[17] 
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Figure 8  Simulation model of CGHV40100F transistor showing Vi and Ii ports for intrinsic plane measurement 
 
 In this design, the harmonic impedances were tuned using a load pull simulation 
in Microwave Office in order to achieve the highest possible efficiency.  [18]   The load 
pull simulation schematic is shown in Figure 9.  The Cree transistor is placed between the 
Source and Load tuners, where the impedances can be set for the first, second, and third 
harmonics. 
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Figure 9  Load pull simulation schematic 
 
 The load pull contour optimized for maximum power with a 30 MHz fundamental 
is shown in Figure 10.  The predicted maximum power output is 51.891 dBm, with an 
impedance magnitude of 0.6996 and an angle of 167.3 degrees.  As shown in Figure 11, 
the predicted maximum efficiency at 30MHz is  76.72%, with an impedance magnitude 
of 0.5849 and an angle of 160.2 degrees.  The impedances for optimal power and optimal 
efficiency do not correspond exactly; this is as expected, and an impedance with 
intermediary magnitude and angle can be selected as a design compromise between the 
two optimal points.   [2] 
19 
 
 
 
Figure 10  Load pull contour optimized for maximum power at 30 MHz 
 
 
 
Figure 11   Load pull contour optimized for maximum efficiency at 30MHz 
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 The simulated load pull contours at the 2
nd
 and 3
rd
 harmonics are shown in 
Figure 12 and Figure 13.  The contours for the 2
nd
 and 3
rd
 harmonics show an improved 
efficiency of 77.3%. 
 
Figure 12   Load pull contour for 2nd harmonic of 30 MHz 
 
Figure 13   Load pull contour for 3rd harmonic of 30 MHz 
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The optimal impedances of the 2
nd
 and 3
rd
 harmonics do not correspond exactly 
with a short or open circuit (angles of 180 and 0 degrees, respectively); this is due to 
parasitic elements in the transistor package.    
 When the transistor is loaded by the ideal impedances derived from the load pull 
technique, the simulation predicts a maximum efficiency of 79%, power output of 51.8 
dBm, and power gain of 21.8 dB for the Cree CGHV40100F device at 30 MHz, as shown 
in Figure 14. 
 
Figure 14   Simulated ideal maximum power output, power gain, and efficiency 
   
 The magnitudes and angles of the optimum impedances determined by the load 
pull simulation are shown in Table 4.  The magnitude and angle of each impedance is 
listed, with Mag1/Angle1 corresponding to the fundamental and Mag2/Angle2 and 
Mag3/Angle3 corresponding to the second and third harmonic, respectively.  The 
harmonics were not tuned on the source. 
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Table 4  Load pull optimum reflection coefficients 
 
 
 
 In a physical implementation of such a circuit, it is difficult to realize the ideal 
impedances over a wide frequency range.    
 
2.3 Resonant Network  Design 
 
In the case of a 30 to 88 MHz PA, the second harmonic of 30 MHz (60 MHz) is 
within the desired band of operation, as shown in Figure 15. 
 
Cree CGHV40100F Vdd=50V, Idq=360 mA, Vgs=-2.7 V
Pin= 30 dBm
Freq 
(MHz)
Source
Mag1
Source
Ang1
Source
Mag2
Source
Ang2
Source
Mag3
Source
Ang3
Load
Mag1
Load
Ang1
Load
Mag2
Load
Ang2
Load
Mag3
Load
Ang3
Total Power 
F1, F2 and 
F3 Match  
(dBm)
Gain F1, F2 
and F3 Match
(dB) PAE (%) Comments
30 0.42 118 0 0 0 0 0.58 160 0.99 -110 0.99 90 51.8 21.8 79.1
100 0.7 160.0 0 0 0 0 0.55 175.0 0.99 -160 0.99 40 50.7 20.7 77.1
300 0.8 170.0 0 0 0 0 0.60 160.0 0.99 -120 0.99 100 50.5 20.5 76.6
500 0.85 174.0 0 0 0 0 0.58 175.0 0.99 175 0.99 162 51.2 21.1 72.4
Optimum Gammas for PAE
Pin = 30 dBm CGH40100F, Vd = 50V, Idq=360 mA Vg = -2.7
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Figure 15  Harmonic spectrum diagram with 30 MHz fundamental 
 
 If the resonant network were tuned to present a short at the second harmonic (60 
MHz) in order to allow for high-efficiency Class-F operation at 30 MHz,  this would 
prevent proper operation of the PA at 60MHz, since a short circuit would be presented to 
the new fundamental.  For this reason, it is not possible to cover the 30-88 MHz range 
using a conventional Class-F power amplifier. 
 The goal of high-efficiency Class-F operation from 30-88 MHz has been 
addressed in the current design by the use of tunable reactive elements in the output 
resonant network.  Resonance at the target harmonic frequencies will be achieved by 
maintaining a fixed inductance and utilizing a PIN diode switching circuit to selectively 
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introduce different capacitance values, presenting the frequency-specific short and open 
circuits that will allow for Class-F operation at the desired fundamental frequency.  This 
approach allows the PA to cover several octaves or more, achieving operation across a 
wide bandwidth and greatly increasing the flexibility of the design for possible use in 
other frequency ranges. 
 
2.4 Second Harmonic Series Resonator Design 
 
As indicated in Table 5, in order for the PA to operate in Class-F mode over the 
30-88 MHz range, the second harmonic resonator must be capable of tuning from the 
second harmonic of the lowest frequency up to the second harmonic of the highest 
frequency.  This results in a resonator circuit which can be tuned from 60 MHz to 176 
MHz, a range of 116 MHz. 
 
 
Table 5  Second harmonics of selected operating frequencies 
Operating 
frequency 
(MHz) 
F2 
(MHz) 
30 60 
45 90 
54 108 
71 142 
88 176 
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The equation for the resonant frequency of a series or parallel LC circuit is given 
by 
 
𝑓 =
1
2𝜋√𝐿𝐶
 
 
(5) 
In order to calculate the necessary capacitance at the desired harmonic frequency, 
the above equation is manipulated to arrive at 
 
𝐶 =
(
1
2𝜋𝑓
)
2
𝐿
 
 
(6) 
The second harmonic resonant network is configured as a series LC circuit, which 
presents a short circuit at the resonant frequency.  For this design a fixed inductor was 
selected with a value of 120 nH, leaving the capacitance as the only variable.  This allows 
the resonant frequency to be tuned by adjusting the capacitance value.  The required 
capacitance values for resonance at the second harmonic of selected frequencies are 
shown in Table 6. 
 
 
 
26 
 
Table 6  Capacitance values for resonance at the second harmonic of selected operating frequencies 
Operating 
freq. 
(MHz) 
F2 
(MHz) 
C_F2 
(pF) 
30 60 58.6349 
45 90 26.0600 
54 108 18.0972 
71 142 10.4684 
88 176 6.8145 
  
 In order to adjust the total series capacitance value, eight capacitors are 
selectively switched in and out of a parallel arrangement with one fixed capacitor, shown 
in Figure 16.
 
Figure 16   Second harmonic resonator capacitor switching circuit 
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This 8-bit configuration allows the resonant network to be tuned in 
116⁡𝑀𝐻𝑧
255⁡
 or 
0.4549 MHz increments, providing tuning resolution finer than 0.5 MHz.    For each 
frequency increment between 60 and 176 MHz a corresponding capacitance was 
calculated, shown in truncated form in Table 7.  
Table 7   Truncated table of operating frequencies with second harmonics and required resonator capacitance 
value 
Operating 
frequency 
(MHz) 
F2: 2nd 
Harmonic 
(MHz) 
C_F2 (pF) 
30.0000 60.0000 58.6349 
30.2275 60.4549 57.7558 
30.4549 60.9098 56.8964 
30.6824 61.3647 56.0559 
30.9098 61.8196 55.2340 
31.1373 62.2745 54.4300 
31.3647 62.7294 53.6434 
31.5922 63.1843 52.8738 
∙∙∙ ∙∙∙ ∙∙∙ 
86.4078 172.8157 7.0679 
86.6353 173.2706 7.0309 
86.8627 173.7255 6.9941 
87.0902 174.1804 6.9576 
87.3176 174.6353 6.9214 
87.5451 175.0902 6.8855 
87.7725 175.5451 6.8499 
88.0000 176.0000 6.8145 
 
The minimum required capacitance value is 6.8145 pF at 88 MHz, and the 
maximum is 58.6349 pF at 30 MHz.  This 51.8204 pF range can be tuned in 
51.8204⁡pF
255
 or 
0.20322 pF increments.  This value is used as a base unit for calculating the network’s 
capacitance values in binary ratios, shown in Table 8, allowing the circuit to be tuned to 
any of 256 evenly-spaced frequencies across the tuning range. 
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Table 8  Second harmonic resonator capacitor values with binary ratios 
Capacitor 
Capacitor 
Value 
Binary 
multiple 
C1 0.20322 1 
C2 0.40643 2 
C3 0.81287 4 
C4 1.62574 8 
C5 3.25148 16 
C6 6.50296 32 
C7 13.00592 64 
C8 26.01183 128 
 
 Each target harmonic frequency and corresponding capacitance value is assigned 
a tune index from 0 to 255, with the corresponding binary representation of this index 
reflecting the ON/OFF state of each capacitor in the parallel array (Table 9).  A full tune 
data table is included in Appendix C. 
Table 9   Second harmonic resonator tune data table excerpt 
Operating 
frequency 
(MHz) 
F2: 2nd 
Harmonic 
(MHz) 
C_F2 
(pF) 
tune 
index 
binary tune 
index 
        128 64 32 16 8 4 2 1 
C1 C2 C3 C4 C5 C6 C7 C8 
30.0000 60.0000 58.6349 255 11111111 1 1 1 1 1 1 1 1 
30.2275 60.4549 57.7558 254 11111110 1 1 1 1 1 1 1 0 
30.4549 60.9098 56.8964 253 11111101 1 1 1 1 1 1 0 1 
30.6824 61.3647 56.0559 252 11111100 1 1 1 1 1 1 0 0 
30.9098 61.8196 55.2340 251 11111011 1 1 1 1 1 0 1 1 
31.1373 62.2745 54.4300 250 11111010 1 1 1 1 1 0 1 0 
31.3647 62.7294 53.6434 249 11111001 1 1 1 1 1 0 0 1 
31.5922 63.1843 52.8738 248 11111000 1 1 1 1 1 0 0 0 
31.8196 63.6392 52.1206 247 11110111 1 1 1 1 0 1 1 1 
32.0471 64.0941 51.3834 246 11110110 1 1 1 1 0 1 1 0 
32.2745 64.5490 50.6617 245 11110101 1 1 1 1 0 1 0 1 
32.5020 65.0039 49.9551 244 11110100 1 1 1 1 0 1 0 0 
32.7294 65.4588 49.2632 243 11110011 1 1 1 1 0 0 1 1 
32.9569 65.9137 48.5856 242 11110010 1 1 1 1 0 0 1 0 
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 The fixed parallel capacitor is 6.8145 pF so that the total capacitance will be this 
minimum required value with all switching bits OFF, allowing for 256 unique tune 
frequencies from 60 and 176 MHz.  Because the harmonic frequencies are adjusted in 
pre-set increments with only the highest and lowest considered in their calculation, in 
some cases it is necessary to select the tune frequency nearest in value to the desired 
harmonic.  Table 10 details this situation for selected test frequencies, along with 
deviations from the calculated frequency and capacitance values. 
 
 
Table 10  Second harmonic resonator tune data table at test frequencies 
Calculated Nearest Frequency and Capacitance Value 
 From Tune Data Table 
Frequency 
Deviation 
(MHz) 
Frequency 
Deviation 
(%) 
Capacitance 
Deviation 
(pF) 
Capacitance 
Deviation 
(%) 
Operating 
Freq. 
(MHz) 
F2 
(MHz) 
C_F2 
(pF) F2 
(MHz) 
C_F2 
(pF) 
Tune 
Index Binary 
30 60 58.6349 60.0000 58.6349 255 11111111 0.000 0.000 0.000 0.000 
45 90 26.0600 90.0235 26.0464 189 10111101 0.024 0.052 0.014 0.015 
54 108 18.0972 108.2196 18.0238 149 10010101 0.220 0.407 0.073 0.068 
71 142 10.4684 141.8824 10.4858 75 01001011 0.118 0.166 0.017 0.012 
88 176 6.8145 176.0000 6.8145 0 00000000 0.000 0.000 0.000 0.000 
 
 
 
2.5 Third Harmonic Parallel Resonator Design 
 
The third harmonic resonator uses a similar capacitor switching configuration 
with a parallel LC circuit in order to present an open-circuit to the third harmonic of the 
desired operating frequency.  This network must be capable of tuning from 90 to 264 
MHz, as indicated by Table 11, and with an 8-bit switching arrangement this 174-MHz 
range can be covered in 
174⁡𝑀𝐻𝑧
255
 or 0.68235 MHz increments.  This resolution is not as 
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fine as in the second harmonic resonator, because this one must cover a wider frequency 
range using the same number of increments. 
 
 
Table 11  Third harmonics of selected operating frequencies 
Operating 
frequency 
(MHz) 
F3 
(MHz) 
30 90 
45 135 
54 162 
71 213 
88 264 
 
 
A fixed 47nH inductor is placed in parallel with the bank of fixed and switchable 
capacitors as shown in Figure 17, and the LC resonance equation is used again to 
calculate the appropriate capacitance values at each incremental frequency (Table 12). 
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Figure 17  Third harmonic resonator capacitor switching circuit 
 
 
 
 
 
32 
 
Table 12  Truncated table of operating frequencies with third harmonics and required resonator capacitance 
value 
Operating 
frequency 
(MHz) 
F3: 3rd 
Harmonic 
(MHz) 
C_F3 (pF) 
30.0000 90.0000 66.5361 
30.2275 90.6824 65.5386 
30.4549 91.3647 64.5633 
30.6824 92.0471 63.6096 
30.9098 92.7294 62.6769 
31.1373 93.4118 61.7645 
31.3647 94.0941 60.8720 
31.5922 94.7765 59.9986 
∙∙∙  ∙∙∙ ∙∙∙ 
86.4078 259.2235 8.0204 
86.6353 259.9059 7.9783 
86.8627 260.5882 7.9366 
87.0902 261.2706 7.8952 
87.3176 261.9529 7.8541 
87.5451 262.6353 7.8133 
87.7725 263.3176 7.7729 
88.0000 264.0000 7.7328 
 
The required capacitance values vary from 7.7328 pF to 66.5361 pF, representing 
a range of 58.8033 pF which can be tuned in 
58.8033⁡𝑝𝐹
255
 or 0.2306 pF increments. 
As before, this increment value is used as a base unit for calculating the network’s 
capacitance values in binary ratios, shown in Table 13. 
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Table 13  Third harmonic resonator capacitor values with binary ratios 
Capacitor 
Capacitor 
Value 
Binary 
multiple 
C1 0.23060 1 
C2 0.46120 2 
C3 0.92241 4 
C4 1.84481 8 
C5 3.68962 16 
C6 7.37924 32 
C7 14.75849 64 
C8 29.51697 128 
 
 Again, each harmonic frequency and corresponding capacitance value is assigned 
a tune index from 0 to 255, with a binary index indicating the ON/OFF state of each 
capacitor (Table 14).  A full tune data table is included in Appendix  D. 
 
Table 14  Third harmonic resonator tune data table excerpt 
Operating 
frequency 
(MHz) 
F3: 3rd 
Harmonic 
(MHz) 
C_F3 (pF) 
tune 
index 
binary 
tune 
index 
        
128 64 32 16 8 4 2 1 
C1 C2 C3 C4 C5 C6 C7 C8 
30.0000 90.0000 66.5361 255 11111111 1 1 1 1 1 1 1 1 
30.2275 90.6824 65.5386 254 11111110 1 1 1 1 1 1 1 0 
30.4549 91.3647 64.5633 253 11111101 1 1 1 1 1 1 0 1 
30.6824 92.0471 63.6096 252 11111100 1 1 1 1 1 1 0 0 
30.9098 92.7294 62.6769 251 11111011 1 1 1 1 1 0 1 1 
31.1373 93.4118 61.7645 250 11111010 1 1 1 1 1 0 1 0 
31.3647 94.0941 60.8720 249 11111001 1 1 1 1 1 0 0 1 
31.5922 94.7765 59.9986 248 11111000 1 1 1 1 1 0 0 0 
31.8196 95.4588 59.1439 247 11110111 1 1 1 1 0 1 1 1 
32.0471 96.1412 58.3074 246 11110110 1 1 1 1 0 1 1 0 
32.2745 96.8235 57.4884 245 11110101 1 1 1 1 0 1 0 1 
32.5020 97.5059 56.6866 244 11110100 1 1 1 1 0 1 0 0 
32.7294 98.1882 55.9015 243 11110011 1 1 1 1 0 0 1 1 
32.9569 98.8706 55.1326 242 11110010 1 1 1 1 0 0 1 0 
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 When all switching bits are off, only the fixed capacitor is in the parallel circuit to 
provide the minimum capacitance value of 7.7328 pF.  Once again, 256 tune frequencies 
are accessible from 90 and 264 MHz.  As in the case of the second harmonic circuit, in 
many cases the closest tune frequency to the desired harmonic must be used, as detailed 
in Table 15. 
 
 
Table 15  Third harmonic resonator tune data table at test frequencies 
Calculated Nearest Frequency and Capacitance Value 
 From Tune Data Table 
Frequenc
y 
Deviation 
(MHz) 
Frequenc
y 
Deviation 
(%) 
Capacitance 
Deviation 
(pF) 
Capacitanc
e Deviation 
(%) 
Operatin
g Freq. 
(MHz) 
F3 
(MHz
) 
C_F3 
(pF) F3 
(MHz) 
C_F3 
(pF) 
Tune 
Index Binary 
30 90 66.5361 90.0000 66.5361 255 11111111 0.000 0.000 0.000 0.000 
45 135 29.5716 135.0353 29.5561 189 10111101 0.035 0.078 0.015 0.011 
54 162 20.5358 162.3294 20.4526 149 10010101 0.329 0.610 0.083 0.051 
71 213 11.8791 212.8235 11.8988 75 01001011 0.176 0.249 0.020 0.009 
88 264 7.7328 264.0000 7.7328 0 00000000 0.000 0.000 0.000 0.000 
 
 
 In order to switch the capacitors in and out of the resonant networks for operation 
at multiple frequencies, this design utilizes PIN diode switches.  A PIN diode is a device 
that functions as a variable resistor at microwave and RF frequencies, with its resistance 
value determined by the forward biased DC current.  It consists of a P-region and an N-
region with an intrinsic silicon layer between the two.  At RF and low microwave 
frequencies, a forward-biased PIN diode appears to be a very low impedance, while a 
reverse-biased PIN diode appears to be a very high impedance.  This behavior allows for 
the PIN diode’s use as an effective RF switch when used with the appropriate RF choke 
and bias circuitry.  [19], [20]   While the necessary tune data and switching 
configurations were generated, a PIN diode driver circuit was not designed as it was not 
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deemed necessary for the purposes of this work.  The PIN diode equivalent switching 
circuit used in the simulation  is shown in Figure 18, while Figure 19  provides a more 
detailed view of the equivalent circuit.  The ON state is represented by a series resistance 
of 0.6 Ohms, while the OFF state is modeled by a 30k resistor and a 0.5 pF capacitor in 
parallel.  In a physical circuit, additional parasitics and the effect of the Q of the device’s 
inductance and capacitance will affect the results. 
 
Figure 18  PIN diode equivalent switching circuit 
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Figure 19  PIN diode equivalent circuit simulation model 
 
 
 Initially, varactors were considered for use as the switching elements in the 
resonant networks.  However, no such components could be located which were capable 
of operating at the desired power levels of this Class-F PA design.  
3 Simulation and Results 
  
 In order to analyze the fundamental broadband match, the simulation was first run 
with the resonant networks disabled (represented in Figure 20 with the shaded ellipses) 
and with a 30 dBm input.  In this configuration there is no waveform shaping due to 
harmonic control. 
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Figure 20  Schematic diagram of load circuit with resonant networks disabled 
 
 The broadband response of the amplifier without the resonant networks is shown 
in Figure 21. 
 
 
Figure 21   30-512 MHz amplifier power and gain without resonant networks 
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 The amplifier exhibits a relatively flat broadband response across the 30-512 
MHz range.  Average power output is 49 dBm, and power gain is >19 dB.   The 
efficiency of the amplifier in this configuration is shown in Figure 22. 
 
 
Figure 22  Broadband match amplifier efficiency 
 
 The amplifier power added efficiency (PAE) ranges from 51% to 56% from 30 to 
512 MHz.  The source and load impedances presented to the device are shown in Figure 
23.   No resonances are evident in the broadband match presented to the device by the 
transformers.  
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Figure 23  Broadband match source and load impedances 
 
 
 
3.1 𝐂lass-F Simulation 
 
 Next, the simulation was run again with resonant networks present in the circuit in 
order to achieve Class-F operation.  In the simulation, the short circuit at the second 
harmonic is introduced directly at the drain lead of the transistor via a series LC network 
to ground.    
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Figure 24 shows the simulated output power and efficiency at 30 MHz. 
 
 
Figure 24  Class-F output power and efficiency at 30 MHz 
  
 At 30 MHz the efficiency is increased to 72% and output power is 50.4 dBm.  
Evidence of Class-F operation is seen in the notches in the broadband response (blue 
trace) at 60 and 90 MHz, the second and third harmonic frequencies.  The harmonic 
spectrum, seen in Figure 25, shows the second and third harmonics at -35 dBc, which 
also indicates Class-F operation. 
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Figure 25  Harmonic spectrum of Class-F PA output at 30 MHz 
 
As previously discussed, the Cree transistor model allows for measurement of 
drain voltage and drain current at the intrinsic plane of the device.  These waveforms are 
shown in Figure 26.  There is minimal overlap between the voltage and current 
waveforms for the majority of the period, and it is this condition which results in high 
efficiency due to decreased power dissipation in the transistor. 
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Figure 26  Simulated drain voltage and drain current waveforms at 30 MHz 
 
 
 
 At 45 MHz, shown in Figure 27, the efficiency reaches 73.48% with a power 
output of 50.2 dBm.  Notches are once again visible at the second and third harmonics 
(90 and 135 MHz). 
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Figure 27   Class-F output power and efficiency at 45 MHz 
 
Figure 28 shows the second and third harmonics at -27 and -39 dBc, indicating 
Class-F operation. 
 
Figure 28  Harmonic spectrum of Class-F PA output at 45 MHz 
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 At 54 MHz the efficiency is 74.11% with a power output of 50 dBm (Figure 29), 
with notches at 108 and 162 MHz.  The second and third harmonics are at -34 and -32 
dBc, respectively (Figure 30). 
 
 
 
Figure 29  Class-F output power and efficiency at 54 MHz 
 
 
45 
 
 
Figure 30  Harmonic spectrum of Class-F PA output at 54 MHz 
 
 
 A graph of the load circuit impedance at 54 MHz shows the near-short circuit at 
the second harmonic, 108 MHz (Figure 31).  The third harmonic, 162 MHz, does not 
appear to be near to the theorized open circuit; however, it is sufficiently close to 
contribute to an efficiency improvement.  The impedance response at 54 MHz is typical 
of the responses at other frequencies in the band. 
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Figure 31  Load circuit impedance at 54 MHz 
 
 When viewed at the intrinsic plane of the transistor model, the voltage and current 
waveforms during operation at 54 MHz show the desired non-overlapping shapes that are 
characteristic of high-efficiency Class-F operation (Figure 32).   These results are also 
typical of the waveforms at the other frequencies used in the simulation. 
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Figure 32  Voltage and current waveforms at 54 MHz 
 
 
 
 At 71 MHz the efficiency is 72.67%, with a power output of 49.5 dBm (Figure 
33) and second and third harmonics at -27.86 and -29.99 dBc, respectively (Figure 34).  
The lower power output can be attributed to the less-than-ideal match at the fundamental 
frequency. 
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Figure 33  Class-F output power and efficiency at 71 MHz 
 
 
Figure 34   Harmonic spectrum of Class-F PA output at 71 MHz 
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 At 88 MHz simulated efficiency is 71.72%, with a power output of 49.18 dBm 
(Figure 35)and second and third harmonics are at -19.71 and -24.34 dBc, respectively 
(Figure 36).  Again, the reduced power output can be attributed to the match at the 
fundamental frequency. 
 
 
Figure 35  Class-F output power and efficiency at 88 MHz 
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Figure 36  Harmonic spectrum of Class-F PA output at 88 MHz 
 
 The second and third harmonics at 88 MHz are suppressed less than at other 
fundamental operating frequencies.  This is possibly due to inaccuracies in the tuned 
frequencies of the resonant networks.  Additionally, the simple series resonator at the 
second harmonic and parallel resonator at the third harmonic become less effective as the 
frequency of operation is increased. 
 
3.2 Performance Under Backed-Off Conditions 
 
Although the Class-F PA is ideally suited for high-efficiency amplification of 
constant-envelope signals (such as FM) or near-constant-envelope signals (such as 
QPSK, GSM, and other types of phase modulation), the simulation allows for a quick 
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evaluation of the PA’s performance under backed-off conditions for possible use with 
AM.  Figure 37 shows the compression curve at 54 MHz. 
 
 
Figure 37  Compression curve at 54 MHz 
 
 The maximum efficiency, 74%, is achieved in the saturated region, at 50.15 dBm 
output power.  In the linear region the predicted efficiency drops off; for example, at 44 
dBm output power (6 dB power backoff) the efficiency is reduced to 36.75%.   When not 
operating in Class-F  mode, the PA at 6 dB backoff exhibited an efficiency of 32.1%.  
This indicates that even when backed off, Class-F operation provides a 4.6% efficiency 
improvement.    
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4 Conclusion 
4.1 Summary and Contributions 
  
 Table 16 summarizes the performance of the Class-F PA at multiple frequencies. 
Table 16  Class-F PA performance at various simulated frequencies 
Frequency 
(MHz) 
Efficiency 
(%) 
Power 
Output 
(dBm) 
Gain 
(dB) 
2nd 
Harmonic 
(dBc) 
3rd Harmonic 
(dBc) 
30 72.1 50.4 20.4 -35.8 -35.3 
45 73.5 50.2 20.2 -27.3 -39.1 
54 74.1 50.1 20.1 -34.3 -32.4 
71 72.7 49.5 19.5 -27.9 -30 
88 71.7 49.2 19.2 -19.7 -24.3 
 
 During Class-F operation an average of 72.82% efficiency is achieved across the 
30-88 MHz band, with an average output power of 49.94 dBm.  This represents an 
efficiency increase of 20% compared to the results in non-Class-F operation, at nearly the 
same output power (50.4 dBm vs. 51.1 dBm); a notable improvement.  This is also a 
significantly higher efficiency compared to previous designs at this level of output power.  
The simulations indicate that the efficiency increase occurs in a relatively narrow 
bandwidth of about 10% of the tuned fundamental frequency, but this is likely adequate 
for the requirements of the typical filter/PA units with which this design will be used.  In 
addition to increasing PA efficiency, the significantly reduced levels of the second and 
third harmonics will relax the requirements for a subsequent system low pass filter.   
 This work has resulted in a novel design combining an electronically tunable 
output network with a high-efficiency Class-F PA to achieve superior performance across 
a wider frequency range than previous designs.  The designed PA has attained the goal of  
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high-efficiency Class-F operation at high output power across the 30-88 MHz VHF-FM 
band.  These results are promising and will motivate future work on a hardware 
implementation of the design, which has practical applications and a possible future in 
commercial designs for aerospace and defense. 
 
4.2 Future Work 
 A hardware realization of the Class-F PA design will provide insight to the 
feasibility of a production design. While the simulation indicates a 20% increase in 
efficiency, the PIN diode switches and associated driver circuit will consume additional 
power and reduce the overall system efficiency. This warrants some additional analysis in 
order to quantify these losses.  The non-ideal characteristics of the physical components, 
such as the Q associated with parasitic inductance and capacitance, will also contribute to 
deviations from the simulated results. In addition, the values of the capacitors in the 
switching networks will not be ideal as in the simulations; instead, the nearest available 
value must be selected, and this will influence the performance of the tuned circuit.   
The simulation shows that, on average, the second-harmonic resonator accounts 
for 15% of the overall efficiency improvement, while the control of the third harmonic 
contributes to the additional 5% improvement.  It is possible that the third-harmonic 
resonator could be eliminated in order to reduce the circuit complexity and eliminate the 
losses associated with the switching circuit while still benefiting from the most 
significant efficiency improvements.  Further investigation would inform this decision. 
Eight bits were used to tune each capacitor network in the simulation.  It is 
possible that the design could be improved by increasing the number of switched 
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capacitors to 12 or even 16 bits for finer resolution and more precise tuning of the 
resonant networks, at the expense of increased complexity and some additional power 
consumption. 
The values of capacitors in the resonant networks could be configured to provide 
optimal harmonic tuning at a precise set of known operating frequencies, rather than 
using the “best match” method from this design to tune to the resonant frequency closest 
to the desired harmonic.  This would result in more accurate harmonic control, and could 
possibly contribute to slightly higher efficiencies.   
If the Class-F PA were to be adapted for use with amplitude-modulated signals, 
the design would need to be combined with additional methods such as Chireix 
outphasing, envelope tracking, or the Doherty technique, all of which would add 
significant complexity to the PA circuit.  
Performance in other frequency ranges and possible configuration as an Inverse 
Class-F PA are additional topics for further study. 
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Appendix  A    CGHV40100 GaN HEMT Abridged Data Sheet 
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Appendix  B  High Power Transformer Abridged Data Sheet 
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Appendix  C  Second Harmonic Resonator Tune Data Table 
 
Tune 
frequency 
(MHz) 
F2: 2nd 
Harmonic 
(MHz) 
C_F2 
(pF) 
tune 
index 
binary tune 
index 
        128 64 32 16 8 4 2 1 
C1 C2 C3 C4 C5 C6 C7 C8 
30.0000 60.0000 58.6349 255 11111111 1 1 1 1 1 1 1 1 
30.2275 60.4549 57.7558 254 11111110 1 1 1 1 1 1 1 0 
30.4549 60.9098 56.8964 253 11111101 1 1 1 1 1 1 0 1 
30.6824 61.3647 56.0559 252 11111100 1 1 1 1 1 1 0 0 
30.9098 61.8196 55.2340 251 11111011 1 1 1 1 1 0 1 1 
31.1373 62.2745 54.4300 250 11111010 1 1 1 1 1 0 1 0 
31.3647 62.7294 53.6434 249 11111001 1 1 1 1 1 0 0 1 
31.5922 63.1843 52.8738 248 11111000 1 1 1 1 1 0 0 0 
31.8196 63.6392 52.1206 247 11110111 1 1 1 1 0 1 1 1 
32.0471 64.0941 51.3834 246 11110110 1 1 1 1 0 1 1 0 
32.2745 64.5490 50.6617 245 11110101 1 1 1 1 0 1 0 1 
32.5020 65.0039 49.9551 244 11110100 1 1 1 1 0 1 0 0 
32.7294 65.4588 49.2632 243 11110011 1 1 1 1 0 0 1 1 
32.9569 65.9137 48.5856 242 11110010 1 1 1 1 0 0 1 0 
33.1843 66.3686 47.9218 241 11110001 1 1 1 1 0 0 0 1 
33.4118 66.8235 47.2716 240 11110000 1 1 1 1 0 0 0 0 
33.6392 67.2784 46.6345 239 11101111 1 1 1 0 1 1 1 1 
33.8667 67.7333 46.0102 238 11101110 1 1 1 0 1 1 1 0 
34.0941 68.1882 45.3984 237 11101101 1 1 1 0 1 1 0 1 
34.3216 68.6431 44.7986 236 11101100 1 1 1 0 1 1 0 0 
34.5490 69.0980 44.2107 235 11101011 1 1 1 0 1 0 1 1 
34.7765 69.5529 43.6343 234 11101010 1 1 1 0 1 0 1 0 
35.0039 70.0078 43.0691 233 11101001 1 1 1 0 1 0 0 1 
35.2314 70.4627 42.5148 232 11101000 1 1 1 0 1 0 0 0 
35.4588 70.9176 41.9711 231 11100111 1 1 1 0 0 1 1 1 
35.6863 71.3725 41.4378 230 11100110 1 1 1 0 0 1 1 0 
35.9137 71.8275 40.9146 229 11100101 1 1 1 0 0 1 0 1 
36.1412 72.2824 40.4012 228 11100100 1 1 1 0 0 1 0 0 
36.3686 72.7373 39.8975 227 11100011 1 1 1 0 0 0 1 1 
36.5961 73.1922 39.4031 226 11100010 1 1 1 0 0 0 1 0 
36.8235 73.6471 38.9178 225 11100001 1 1 1 0 0 0 0 1 
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37.0510 74.1020 38.4414 224 11100000 1 1 1 0 0 0 0 0 
37.2784 74.5569 37.9738 223 11011111 1 1 0 1 1 1 1 1 
37.5059 75.0118 37.5146 222 11011110 1 1 0 1 1 1 1 0 
37.7333 75.4667 37.0637 221 11011101 1 1 0 1 1 1 0 1 
37.9608 75.9216 36.6209 220 11011100 1 1 0 1 1 1 0 0 
38.1882 76.3765 36.1859 219 11011011 1 1 0 1 1 0 1 1 
38.4157 76.8314 35.7587 218 11011010 1 1 0 1 1 0 1 0 
38.6431 77.2863 35.3390 217 11011001 1 1 0 1 1 0 0 1 
38.8706 77.7412 34.9266 216 11011000 1 1 0 1 1 0 0 0 
39.0980 78.1961 34.5215 215 11010111 1 1 0 1 0 1 1 1 
39.3255 78.6510 34.1233 214 11010110 1 1 0 1 0 1 1 0 
39.5529 79.1059 33.7320 213 11010101 1 1 0 1 0 1 0 1 
39.7804 79.5608 33.3473 212 11010100 1 1 0 1 0 1 0 0 
40.0078 80.0157 32.9692 211 11010011 1 1 0 1 0 0 1 1 
40.2353 80.4706 32.5975 210 11010010 1 1 0 1 0 0 1 0 
40.4627 80.9255 32.2321 209 11010001 1 1 0 1 0 0 0 1 
40.6902 81.3804 31.8727 208 11010000 1 1 0 1 0 0 0 0 
40.9176 81.8353 31.5194 207 11001111 1 1 0 0 1 1 1 1 
41.1451 82.2902 31.1719 206 11001110 1 1 0 0 1 1 1 0 
41.3725 82.7451 30.8301 205 11001101 1 1 0 0 1 1 0 1 
41.6000 83.2000 30.4939 204 11001100 1 1 0 0 1 1 0 0 
41.8275 83.6549 30.1631 203 11001011 1 1 0 0 1 0 1 1 
42.0549 84.1098 29.8377 202 11001010 1 1 0 0 1 0 1 0 
42.2824 84.5647 29.5176 201 11001001 1 1 0 0 1 0 0 1 
42.5098 85.0196 29.2026 200 11001000 1 1 0 0 1 0 0 0 
42.7373 85.4745 28.8925 199 11000111 1 1 0 0 0 1 1 1 
42.9647 85.9294 28.5874 198 11000110 1 1 0 0 0 1 1 0 
43.1922 86.3843 28.2872 197 11000101 1 1 0 0 0 1 0 1 
43.4196 86.8392 27.9916 196 11000100 1 1 0 0 0 1 0 0 
43.6471 87.2941 27.7006 195 11000011 1 1 0 0 0 0 1 1 
43.8745 87.7490 27.4141 194 11000010 1 1 0 0 0 0 1 0 
44.1020 88.2039 27.1321 193 11000001 1 1 0 0 0 0 0 1 
44.3294 88.6588 26.8544 192 11000000 1 1 0 0 0 0 0 0 
44.5569 89.1137 26.5809 191 10111111 1 0 1 1 1 1 1 1 
44.7843 89.5686 26.3116 190 10111110 1 0 1 1 1 1 1 0 
45.0118 90.0235 26.0464 189 10111101 1 0 1 1 1 1 0 1 
45.2392 90.4784 25.7851 188 10111100 1 0 1 1 1 1 0 0 
45.4667 90.9333 25.5278 187 10111011 1 0 1 1 1 0 1 1 
45.6941 91.3882 25.2743 186 10111010 1 0 1 1 1 0 1 0 
45.9216 91.8431 25.0245 185 10111001 1 0 1 1 1 0 0 1 
46.1490 92.2980 24.7784 184 10111000 1 0 1 1 1 0 0 0 
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46.3765 92.7529 24.5360 183 10110111 1 0 1 1 0 1 1 1 
46.6039 93.2078 24.2971 182 10110110 1 0 1 1 0 1 1 0 
46.8314 93.6627 24.0616 181 10110101 1 0 1 1 0 1 0 1 
47.0588 94.1176 23.8296 180 10110100 1 0 1 1 0 1 0 0 
47.2863 94.5725 23.6009 179 10110011 1 0 1 1 0 0 1 1 
47.5137 95.0275 23.3755 178 10110010 1 0 1 1 0 0 1 0 
47.7412 95.4824 23.1533 177 10110001 1 0 1 1 0 0 0 1 
47.9686 95.9373 22.9342 176 10110000 1 0 1 1 0 0 0 0 
48.1961 96.3922 22.7183 175 10101111 1 0 1 0 1 1 1 1 
48.4235 96.8471 22.5054 174 10101110 1 0 1 0 1 1 1 0 
48.6510 97.3020 22.2954 173 10101101 1 0 1 0 1 1 0 1 
48.8784 97.7569 22.0884 172 10101100 1 0 1 0 1 1 0 0 
49.1059 98.2118 21.8843 171 10101011 1 0 1 0 1 0 1 1 
49.3333 98.6667 21.6829 170 10101010 1 0 1 0 1 0 1 0 
49.5608 99.1216 21.4844 169 10101001 1 0 1 0 1 0 0 1 
49.7882 99.5765 21.2885 168 10101000 1 0 1 0 1 0 0 0 
50.0157 100.0314 21.0953 167 10100111 1 0 1 0 0 1 1 1 
50.2431 100.4863 20.9048 166 10100110 1 0 1 0 0 1 1 0 
50.4706 100.9412 20.7168 165 10100101 1 0 1 0 0 1 0 1 
50.6980 101.3961 20.5313 164 10100100 1 0 1 0 0 1 0 0 
50.9255 101.8510 20.3483 163 10100011 1 0 1 0 0 0 1 1 
51.1529 102.3059 20.1678 162 10100010 1 0 1 0 0 0 1 0 
51.3804 102.7608 19.9896 161 10100001 1 0 1 0 0 0 0 1 
51.6078 103.2157 19.8138 160 10100000 1 0 1 0 0 0 0 0 
51.8353 103.6706 19.6403 159 10011111 1 0 0 1 1 1 1 1 
52.0627 104.1255 19.4691 158 10011110 1 0 0 1 1 1 1 0 
52.2902 104.5804 19.3001 157 10011101 1 0 0 1 1 1 0 1 
52.5176 105.0353 19.1332 156 10011100 1 0 0 1 1 1 0 0 
52.7451 105.4902 18.9686 155 10011011 1 0 0 1 1 0 1 1 
52.9725 105.9451 18.8060 154 10011010 1 0 0 1 1 0 1 0 
53.2000 106.4000 18.6456 153 10011001 1 0 0 1 1 0 0 1 
53.4275 106.8549 18.4872 152 10011000 1 0 0 1 1 0 0 0 
53.6549 107.3098 18.3307 151 10010111 1 0 0 1 0 1 1 1 
53.8824 107.7647 18.1763 150 10010110 1 0 0 1 0 1 1 0 
54.1098 108.2196 18.0238 149 10010101 1 0 0 1 0 1 0 1 
54.3373 108.6745 17.8733 148 10010100 1 0 0 1 0 1 0 0 
54.5647 109.1294 17.7246 147 10010011 1 0 0 1 0 0 1 1 
54.7922 109.5843 17.5777 146 10010010 1 0 0 1 0 0 1 0 
55.0196 110.0392 17.4327 145 10010001 1 0 0 1 0 0 0 1 
55.2471 110.4941 17.2894 144 10010000 1 0 0 1 0 0 0 0 
55.4745 110.9490 17.1479 143 10001111 1 0 0 0 1 1 1 1 
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55.7020 111.4039 17.0082 142 10001110 1 0 0 0 1 1 1 0 
55.9294 111.8588 16.8701 141 10001101 1 0 0 0 1 1 0 1 
56.1569 112.3137 16.7338 140 10001100 1 0 0 0 1 1 0 0 
56.3843 112.7686 16.5990 139 10001011 1 0 0 0 1 0 1 1 
56.6118 113.2235 16.4659 138 10001010 1 0 0 0 1 0 1 0 
56.8392 113.6784 16.3344 137 10001001 1 0 0 0 1 0 0 1 
57.0667 114.1333 16.2044 136 10001000 1 0 0 0 1 0 0 0 
57.2941 114.5882 16.0760 135 10000111 1 0 0 0 0 1 1 1 
57.5216 115.0431 15.9492 134 10000110 1 0 0 0 0 1 1 0 
57.7490 115.4980 15.8238 133 10000101 1 0 0 0 0 1 0 1 
57.9765 115.9529 15.6998 132 10000100 1 0 0 0 0 1 0 0 
58.2039 116.4078 15.5774 131 10000011 1 0 0 0 0 0 1 1 
58.4314 116.8627 15.4563 130 10000010 1 0 0 0 0 0 1 0 
58.6588 117.3176 15.3367 129 10000001 1 0 0 0 0 0 0 1 
58.8863 117.7725 15.2185 128 10000000 1 0 0 0 0 0 0 0 
59.1137 118.2275 15.1016 127 01111111 0 1 1 1 1 1 1 1 
59.3412 118.6824 14.9860 126 01111110 0 1 1 1 1 1 1 0 
59.5686 119.1373 14.8718 125 01111101 0 1 1 1 1 1 0 1 
59.7961 119.5922 14.7589 124 01111100 0 1 1 1 1 1 0 0 
60.0235 120.0471 14.6472 123 01111011 0 1 1 1 1 0 1 1 
60.2510 120.5020 14.5369 122 01111010 0 1 1 1 1 0 1 0 
60.4784 120.9569 14.4277 121 01111001 0 1 1 1 1 0 0 1 
60.7059 121.4118 14.3198 120 01111000 0 1 1 1 1 0 0 0 
60.9333 121.8667 14.2131 119 01110111 0 1 1 1 0 1 1 1 
61.1608 122.3216 14.1076 118 01110110 0 1 1 1 0 1 1 0 
61.3882 122.7765 14.0032 117 01110101 0 1 1 1 0 1 0 1 
61.6157 123.2314 13.9001 116 01110100 0 1 1 1 0 1 0 0 
61.8431 123.6863 13.7980 115 01110011 0 1 1 1 0 0 1 1 
62.0706 124.1412 13.6971 114 01110010 0 1 1 1 0 0 1 0 
62.2980 124.5961 13.5972 113 01110001 0 1 1 1 0 0 0 1 
62.5255 125.0510 13.4985 112 01110000 0 1 1 1 0 0 0 0 
62.7529 125.5059 13.4008 111 01101111 0 1 1 0 1 1 1 1 
62.9804 125.9608 13.3042 110 01101110 0 1 1 0 1 1 1 0 
63.2078 126.4157 13.2086 109 01101101 0 1 1 0 1 1 0 1 
63.4353 126.8706 13.1141 108 01101100 0 1 1 0 1 1 0 0 
63.6627 127.3255 13.0205 107 01101011 0 1 1 0 1 0 1 1 
63.8902 127.7804 12.9280 106 01101010 0 1 1 0 1 0 1 0 
64.1176 128.2353 12.8364 105 01101001 0 1 1 0 1 0 0 1 
64.3451 128.6902 12.7458 104 01101000 0 1 1 0 1 0 0 0 
64.5725 129.1451 12.6562 103 01100111 0 1 1 0 0 1 1 1 
64.8000 129.6000 12.5675 102 01100110 0 1 1 0 0 1 1 0 
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65.0275 130.0549 12.4797 101 01100101 0 1 1 0 0 1 0 1 
65.2549 130.5098 12.3929 100 01100100 0 1 1 0 0 1 0 0 
65.4824 130.9647 12.3070 99 01100011 0 1 1 0 0 0 1 1 
65.7098 131.4196 12.2219 98 01100010 0 1 1 0 0 0 1 0 
65.9373 131.8745 12.1377 97 01100001 0 1 1 0 0 0 0 1 
66.1647 132.3294 12.0544 96 01100000 0 1 1 0 0 0 0 0 
66.3922 132.7843 11.9720 95 01011111 0 1 0 1 1 1 1 1 
66.6196 133.2392 11.8904 94 01011110 0 1 0 1 1 1 1 0 
66.8471 133.6941 11.8096 93 01011101 0 1 0 1 1 1 0 1 
67.0745 134.1490 11.7296 92 01011100 0 1 0 1 1 1 0 0 
67.3020 134.6039 11.6505 91 01011011 0 1 0 1 1 0 1 1 
67.5294 135.0588 11.5721 90 01011010 0 1 0 1 1 0 1 0 
67.7569 135.5137 11.4946 89 01011001 0 1 0 1 1 0 0 1 
67.9843 135.9686 11.4178 88 01011000 0 1 0 1 1 0 0 0 
68.2118 136.4235 11.3418 87 01010111 0 1 0 1 0 1 1 1 
68.4392 136.8784 11.2665 86 01010110 0 1 0 1 0 1 1 0 
68.6667 137.3333 11.1920 85 01010101 0 1 0 1 0 1 0 1 
68.8941 137.7882 11.1182 84 01010100 0 1 0 1 0 1 0 0 
69.1216 138.2431 11.0452 83 01010011 0 1 0 1 0 0 1 1 
69.3490 138.6980 10.9728 82 01010010 0 1 0 1 0 0 1 0 
69.5765 139.1529 10.9012 81 01010001 0 1 0 1 0 0 0 1 
69.8039 139.6078 10.8303 80 01010000 0 1 0 1 0 0 0 0 
70.0314 140.0627 10.7600 79 01001111 0 1 0 0 1 1 1 1 
70.2588 140.5176 10.6905 78 01001110 0 1 0 0 1 1 1 0 
70.4863 140.9725 10.6216 77 01001101 0 1 0 0 1 1 0 1 
70.7137 141.4275 10.5534 76 01001100 0 1 0 0 1 1 0 0 
70.9412 141.8824 10.4858 75 01001011 0 1 0 0 1 0 1 1 
71.1686 142.3373 10.4189 74 01001010 0 1 0 0 1 0 1 0 
71.3961 142.7922 10.3526 73 01001001 0 1 0 0 1 0 0 1 
71.6235 143.2471 10.2870 72 01001000 0 1 0 0 1 0 0 0 
71.8510 143.7020 10.2219 71 01000111 0 1 0 0 0 1 1 1 
72.0784 144.1569 10.1575 70 01000110 0 1 0 0 0 1 1 0 
72.3059 144.6118 10.0937 69 01000101 0 1 0 0 0 1 0 1 
72.5333 145.0667 10.0305 68 01000100 0 1 0 0 0 1 0 0 
72.7608 145.5216 9.9679 67 01000011 0 1 0 0 0 0 1 1 
72.9882 145.9765 9.9059 66 01000010 0 1 0 0 0 0 1 0 
73.2157 146.4314 9.8444 65 01000001 0 1 0 0 0 0 0 1 
73.4431 146.8863 9.7836 64 01000000 0 1 0 0 0 0 0 0 
73.6706 147.3412 9.7232 63 00111111 0 0 1 1 1 1 1 1 
73.8980 147.7961 9.6635 62 00111110 0 0 1 1 1 1 1 0 
74.1255 148.2510 9.6043 61 00111101 0 0 1 1 1 1 0 1 
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74.3529 148.7059 9.5456 60 00111100 0 0 1 1 1 1 0 0 
74.5804 149.1608 9.4875 59 00111011 0 0 1 1 1 0 1 1 
74.8078 149.6157 9.4298 58 00111010 0 0 1 1 1 0 1 0 
75.0353 150.0706 9.3728 57 00111001 0 0 1 1 1 0 0 1 
75.2627 150.5255 9.3162 56 00111000 0 0 1 1 1 0 0 0 
75.4902 150.9804 9.2601 55 00110111 0 0 1 1 0 1 1 1 
75.7176 151.4353 9.2046 54 00110110 0 0 1 1 0 1 1 0 
75.9451 151.8902 9.1495 53 00110101 0 0 1 1 0 1 0 1 
76.1725 152.3451 9.0950 52 00110100 0 0 1 1 0 1 0 0 
76.4000 152.8000 9.0409 51 00110011 0 0 1 1 0 0 1 1 
76.6275 153.2549 8.9873 50 00110010 0 0 1 1 0 0 1 0 
76.8549 153.7098 8.9342 49 00110001 0 0 1 1 0 0 0 1 
77.0824 154.1647 8.8816 48 00110000 0 0 1 1 0 0 0 0 
77.3098 154.6196 8.8294 47 00101111 0 0 1 0 1 1 1 1 
77.5373 155.0745 8.7776 46 00101110 0 0 1 0 1 1 1 0 
77.7647 155.5294 8.7264 45 00101101 0 0 1 0 1 1 0 1 
77.9922 155.9843 8.6756 44 00101100 0 0 1 0 1 1 0 0 
78.2196 156.4392 8.6252 43 00101011 0 0 1 0 1 0 1 1 
78.4471 156.8941 8.5752 42 00101010 0 0 1 0 1 0 1 0 
78.6745 157.3490 8.5257 41 00101001 0 0 1 0 1 0 0 1 
78.9020 157.8039 8.4766 40 00101000 0 0 1 0 1 0 0 0 
79.1294 158.2588 8.4280 39 00100111 0 0 1 0 0 1 1 1 
79.3569 158.7137 8.3797 38 00100110 0 0 1 0 0 1 1 0 
79.5843 159.1686 8.3319 37 00100101 0 0 1 0 0 1 0 1 
79.8118 159.6235 8.2845 36 00100100 0 0 1 0 0 1 0 0 
80.0392 160.0784 8.2375 35 00100011 0 0 1 0 0 0 1 1 
80.2667 160.5333 8.1908 34 00100010 0 0 1 0 0 0 1 0 
80.4941 160.9882 8.1446 33 00100001 0 0 1 0 0 0 0 1 
80.7216 161.4431 8.0988 32 00100000 0 0 1 0 0 0 0 0 
80.9490 161.8980 8.0533 31 00011111 0 0 0 1 1 1 1 1 
81.1765 162.3529 8.0083 30 00011110 0 0 0 1 1 1 1 0 
81.4039 162.8078 7.9636 29 00011101 0 0 0 1 1 1 0 1 
81.6314 163.2627 7.9193 28 00011100 0 0 0 1 1 1 0 0 
81.8588 163.7176 7.8753 27 00011011 0 0 0 1 1 0 1 1 
82.0863 164.1725 7.8317 26 00011010 0 0 0 1 1 0 1 0 
82.3137 164.6275 7.7885 25 00011001 0 0 0 1 1 0 0 1 
82.5412 165.0824 7.7456 24 00011000 0 0 0 1 1 0 0 0 
82.7686 165.5373 7.7031 23 00010111 0 0 0 1 0 1 1 1 
82.9961 165.9922 7.6610 22 00010110 0 0 0 1 0 1 1 0 
83.2235 166.4471 7.6192 21 00010101 0 0 0 1 0 1 0 1 
83.4510 166.9020 7.5777 20 00010100 0 0 0 1 0 1 0 0 
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83.6784 167.3569 7.5365 19 00010011 0 0 0 1 0 0 1 1 
83.9059 167.8118 7.4957 18 00010010 0 0 0 1 0 0 1 0 
84.1333 168.2667 7.4553 17 00010001 0 0 0 1 0 0 0 1 
84.3608 168.7216 7.4151 16 00010000 0 0 0 1 0 0 0 0 
84.5882 169.1765 7.3753 15 00001111 0 0 0 0 1 1 1 1 
84.8157 169.6314 7.3358 14 00001110 0 0 0 0 1 1 1 0 
85.0431 170.0863 7.2966 13 00001101 0 0 0 0 1 1 0 1 
85.2706 170.5412 7.2577 12 00001100 0 0 0 0 1 1 0 0 
85.4980 170.9961 7.2192 11 00001011 0 0 0 0 1 0 1 1 
85.7255 171.4510 7.1809 10 00001010 0 0 0 0 1 0 1 0 
85.9529 171.9059 7.1429 9 00001001 0 0 0 0 1 0 0 1 
86.1804 172.3608 7.1053 8 00001000 0 0 0 0 1 0 0 0 
86.4078 172.8157 7.0679 7 00000111 0 0 0 0 0 1 1 1 
86.6353 173.2706 7.0309 6 00000110 0 0 0 0 0 1 1 0 
86.8627 173.7255 6.9941 5 00000101 0 0 0 0 0 1 0 1 
87.0902 174.1804 6.9576 4 00000100 0 0 0 0 0 1 0 0 
87.3176 174.6353 6.9214 3 00000011 0 0 0 0 0 0 1 1 
87.5451 175.0902 6.8855 2 00000010 0 0 0 0 0 0 1 0 
87.7725 175.5451 6.8499 1 00000001 0 0 0 0 0 0 0 1 
88.0000 176.0000 6.8145 0 00000000 0 0 0 0 0 0 0 0 
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Appendix  D  Third Harmonic Resonator Tune Data Table 
 
Tune 
frequency 
(MHz) 
F3: 3rd 
harmonic 
(MHz) 
C_F2 
(pF) 
tune 
index 
binary 
tune 
index 
        
128 64 32 16 8 4 2 1 
C1 C2 C3 C4 C5 C6 C7 C8 
30.0000 90.0000 66.5361 255 11111111 1 1 1 1 1 1 1 1 
30.2275 90.6824 65.5386 254 11111110 1 1 1 1 1 1 1 0 
30.4549 91.3647 64.5633 253 11111101 1 1 1 1 1 1 0 1 
30.6824 92.0471 63.6096 252 11111100 1 1 1 1 1 1 0 0 
30.9098 92.7294 62.6769 251 11111011 1 1 1 1 1 0 1 1 
31.1373 93.4118 61.7645 250 11111010 1 1 1 1 1 0 1 0 
31.3647 94.0941 60.8720 249 11111001 1 1 1 1 1 0 0 1 
31.5922 94.7765 59.9986 248 11111000 1 1 1 1 1 0 0 0 
31.8196 95.4588 59.1439 247 11110111 1 1 1 1 0 1 1 1 
32.0471 96.1412 58.3074 246 11110110 1 1 1 1 0 1 1 0 
32.2745 96.8235 57.4884 245 11110101 1 1 1 1 0 1 0 1 
32.5020 97.5059 56.6866 244 11110100 1 1 1 1 0 1 0 0 
32.7294 98.1882 55.9015 243 11110011 1 1 1 1 0 0 1 1 
32.9569 98.8706 55.1326 242 11110010 1 1 1 1 0 0 1 0 
33.1843 99.5529 54.3794 241 11110001 1 1 1 1 0 0 0 1 
33.4118 100.2353 53.6415 240 11110000 1 1 1 1 0 0 0 0 
33.6392 100.9176 52.9186 239 11101111 1 1 1 0 1 1 1 1 
33.8667 101.6000 52.2102 238 11101110 1 1 1 0 1 1 1 0 
34.0941 102.2824 51.5159 237 11101101 1 1 1 0 1 1 0 1 
34.3216 102.9647 50.8353 236 11101100 1 1 1 0 1 1 0 0 
34.5490 103.6471 50.1682 235 11101011 1 1 1 0 1 0 1 1 
34.7765 104.3294 49.5141 234 11101010 1 1 1 0 1 0 1 0 
35.0039 105.0118 48.8727 233 11101001 1 1 1 0 1 0 0 1 
35.2314 105.6941 48.2437 232 11101000 1 1 1 0 1 0 0 0 
35.4588 106.3765 47.6268 231 11100111 1 1 1 0 0 1 1 1 
35.6863 107.0588 47.0216 230 11100110 1 1 1 0 0 1 1 0 
35.9137 107.7412 46.4279 229 11100101 1 1 1 0 0 1 0 1 
36.1412 108.4235 45.8454 228 11100100 1 1 1 0 0 1 0 0 
36.3686 109.1059 45.2737 227 11100011 1 1 1 0 0 0 1 1 
36.5961 109.7882 44.7127 226 11100010 1 1 1 0 0 0 1 0 
36.8235 110.4706 44.1620 225 11100001 1 1 1 0 0 0 0 1 
37.0510 111.1529 43.6215 224 11100000 1 1 1 0 0 0 0 0 
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37.2784 111.8353 43.0908 223 11011111 1 1 0 1 1 1 1 1 
37.5059 112.5176 42.5698 222 11011110 1 1 0 1 1 1 1 0 
37.7333 113.2000 42.0581 221 11011101 1 1 0 1 1 1 0 1 
37.9608 113.8824 41.5556 220 11011100 1 1 0 1 1 1 0 0 
38.1882 114.5647 41.0621 219 11011011 1 1 0 1 1 0 1 1 
38.4157 115.2471 40.5773 218 11011010 1 1 0 1 1 0 1 0 
38.6431 115.9294 40.1010 217 11011001 1 1 0 1 1 0 0 1 
38.8706 116.6118 39.6331 216 11011000 1 1 0 1 1 0 0 0 
39.0980 117.2941 39.1733 215 11010111 1 1 0 1 0 1 1 1 
39.3255 117.9765 38.7214 214 11010110 1 1 0 1 0 1 1 0 
39.5529 118.6588 38.2774 213 11010101 1 1 0 1 0 1 0 1 
39.7804 119.3412 37.8409 212 11010100 1 1 0 1 0 1 0 0 
40.0078 120.0235 37.4119 211 11010011 1 1 0 1 0 0 1 1 
40.2353 120.7059 36.9901 210 11010010 1 1 0 1 0 0 1 0 
40.4627 121.3882 36.5754 209 11010001 1 1 0 1 0 0 0 1 
40.6902 122.0706 36.1677 208 11010000 1 1 0 1 0 0 0 0 
40.9176 122.7529 35.7667 207 11001111 1 1 0 0 1 1 1 1 
41.1451 123.4353 35.3723 206 11001110 1 1 0 0 1 1 1 0 
41.3725 124.1176 34.9845 205 11001101 1 1 0 0 1 1 0 1 
41.6000 124.8000 34.6030 204 11001100 1 1 0 0 1 1 0 0 
41.8275 125.4824 34.2277 203 11001011 1 1 0 0 1 0 1 1 
42.0549 126.1647 33.8584 202 11001010 1 1 0 0 1 0 1 0 
42.2824 126.8471 33.4951 201 11001001 1 1 0 0 1 0 0 1 
42.5098 127.5294 33.1376 200 11001000 1 1 0 0 1 0 0 0 
42.7373 128.2118 32.7859 199 11000111 1 1 0 0 0 1 1 1 
42.9647 128.8941 32.4397 198 11000110 1 1 0 0 0 1 1 0 
43.1922 129.5765 32.0989 197 11000101 1 1 0 0 0 1 0 1 
43.4196 130.2588 31.7635 196 11000100 1 1 0 0 0 1 0 0 
43.6471 130.9412 31.4333 195 11000011 1 1 0 0 0 0 1 1 
43.8745 131.6235 31.1082 194 11000010 1 1 0 0 0 0 1 0 
44.1020 132.3059 30.7882 193 11000001 1 1 0 0 0 0 0 1 
44.3294 132.9882 30.4731 192 11000000 1 1 0 0 0 0 0 0 
44.5569 133.6706 30.1627 191 10111111 1 0 1 1 1 1 1 1 
44.7843 134.3529 29.8571 190 10111110 1 0 1 1 1 1 1 0 
45.0118 135.0353 29.5561 189 10111101 1 0 1 1 1 1 0 1 
45.2392 135.7176 29.2597 188 10111100 1 0 1 1 1 1 0 0 
45.4667 136.4000 28.9677 187 10111011 1 0 1 1 1 0 1 1 
45.6941 137.0824 28.6800 186 10111010 1 0 1 1 1 0 1 0 
45.9216 137.7647 28.3966 185 10111001 1 0 1 1 1 0 0 1 
46.1490 138.4471 28.1174 184 10111000 1 0 1 1 1 0 0 0 
46.3765 139.1294 27.8423 183 10110111 1 0 1 1 0 1 1 1 
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46.6039 139.8118 27.5712 182 10110110 1 0 1 1 0 1 1 0 
46.8314 140.4941 27.3040 181 10110101 1 0 1 1 0 1 0 1 
47.0588 141.1765 27.0407 180 10110100 1 0 1 1 0 1 0 0 
47.2863 141.8588 26.7812 179 10110011 1 0 1 1 0 0 1 1 
47.5137 142.5412 26.5254 178 10110010 1 0 1 1 0 0 1 0 
47.7412 143.2235 26.2732 177 10110001 1 0 1 1 0 0 0 1 
47.9686 143.9059 26.0247 176 10110000 1 0 1 1 0 0 0 0 
48.1961 144.5882 25.7796 175 10101111 1 0 1 0 1 1 1 1 
48.4235 145.2706 25.5380 174 10101110 1 0 1 0 1 1 1 0 
48.6510 145.9529 25.2998 173 10101101 1 0 1 0 1 1 0 1 
48.8784 146.6353 25.0649 172 10101100 1 0 1 0 1 1 0 0 
49.1059 147.3176 24.8332 171 10101011 1 0 1 0 1 0 1 1 
49.3333 148.0000 24.6048 170 10101010 1 0 1 0 1 0 1 0 
49.5608 148.6824 24.3794 169 10101001 1 0 1 0 1 0 0 1 
49.7882 149.3647 24.1572 168 10101000 1 0 1 0 1 0 0 0 
50.0157 150.0471 23.9380 167 10100111 1 0 1 0 0 1 1 1 
50.2431 150.7294 23.7217 166 10100110 1 0 1 0 0 1 1 0 
50.4706 151.4118 23.5084 165 10100101 1 0 1 0 0 1 0 1 
50.6980 152.0941 23.2979 164 10100100 1 0 1 0 0 1 0 0 
50.9255 152.7765 23.0903 163 10100011 1 0 1 0 0 0 1 1 
51.1529 153.4588 22.8854 162 10100010 1 0 1 0 0 0 1 0 
51.3804 154.1412 22.6832 161 10100001 1 0 1 0 0 0 0 1 
51.6078 154.8235 22.4837 160 10100000 1 0 1 0 0 0 0 0 
51.8353 155.5059 22.2869 159 10011111 1 0 0 1 1 1 1 1 
52.0627 156.1882 22.0925 158 10011110 1 0 0 1 1 1 1 0 
52.2902 156.8706 21.9008 157 10011101 1 0 0 1 1 1 0 1 
52.5176 157.5529 21.7115 156 10011100 1 0 0 1 1 1 0 0 
52.7451 158.2353 21.5246 155 10011011 1 0 0 1 1 0 1 1 
52.9725 158.9176 21.3402 154 10011010 1 0 0 1 1 0 1 0 
53.2000 159.6000 21.1581 153 10011001 1 0 0 1 1 0 0 1 
53.4275 160.2824 20.9783 152 10011000 1 0 0 1 1 0 0 0 
53.6549 160.9647 20.8009 151 10010111 1 0 0 1 0 1 1 1 
53.8824 161.6471 20.6256 150 10010110 1 0 0 1 0 1 1 0 
54.1098 162.3294 20.4526 149 10010101 1 0 0 1 0 1 0 1 
54.3373 163.0118 20.2817 148 10010100 1 0 0 1 0 1 0 0 
54.5647 163.6941 20.1130 147 10010011 1 0 0 1 0 0 1 1 
54.7922 164.3765 19.9463 146 10010010 1 0 0 1 0 0 1 0 
55.0196 165.0588 19.7818 145 10010001 1 0 0 1 0 0 0 1 
55.2471 165.7412 19.6192 144 10010000 1 0 0 1 0 0 0 0 
55.4745 166.4235 19.4587 143 10001111 1 0 0 0 1 1 1 1 
55.7020 167.1059 19.3001 142 10001110 1 0 0 0 1 1 1 0 
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55.9294 167.7882 19.1434 141 10001101 1 0 0 0 1 1 0 1 
56.1569 168.4706 18.9887 140 10001100 1 0 0 0 1 1 0 0 
56.3843 169.1529 18.8358 139 10001011 1 0 0 0 1 0 1 1 
56.6118 169.8353 18.6847 138 10001010 1 0 0 0 1 0 1 0 
56.8392 170.5176 18.5355 137 10001001 1 0 0 0 1 0 0 1 
57.0667 171.2000 18.3880 136 10001000 1 0 0 0 1 0 0 0 
57.2941 171.8824 18.2423 135 10000111 1 0 0 0 0 1 1 1 
57.5216 172.5647 18.0983 134 10000110 1 0 0 0 0 1 1 0 
57.7490 173.2471 17.9560 133 10000101 1 0 0 0 0 1 0 1 
57.9765 173.9294 17.8154 132 10000100 1 0 0 0 0 1 0 0 
58.2039 174.6118 17.6765 131 10000011 1 0 0 0 0 0 1 1 
58.4314 175.2941 17.5391 130 10000010 1 0 0 0 0 0 1 0 
58.6588 175.9765 17.4034 129 10000001 1 0 0 0 0 0 0 1 
58.8863 176.6588 17.2692 128 10000000 1 0 0 0 0 0 0 0 
59.1137 177.3412 17.1365 127 01111111 0 1 1 1 1 1 1 1 
59.3412 178.0235 17.0054 126 01111110 0 1 1 1 1 1 1 0 
59.5686 178.7059 16.8758 125 01111101 0 1 1 1 1 1 0 1 
59.7961 179.3882 16.7477 124 01111100 0 1 1 1 1 1 0 0 
60.0235 180.0706 16.6210 123 01111011 0 1 1 1 1 0 1 1 
60.2510 180.7529 16.4957 122 01111010 0 1 1 1 1 0 1 0 
60.4784 181.4353 16.3719 121 01111001 0 1 1 1 1 0 0 1 
60.7059 182.1176 16.2494 120 01111000 0 1 1 1 1 0 0 0 
60.9333 182.8000 16.1284 119 01110111 0 1 1 1 0 1 1 1 
61.1608 183.4824 16.0086 118 01110110 0 1 1 1 0 1 1 0 
61.3882 184.1647 15.8902 117 01110101 0 1 1 1 0 1 0 1 
61.6157 184.8471 15.7731 116 01110100 0 1 1 1 0 1 0 0 
61.8431 185.5294 15.6573 115 01110011 0 1 1 1 0 0 1 1 
62.0706 186.2118 15.5428 114 01110010 0 1 1 1 0 0 1 0 
62.2980 186.8941 15.4295 113 01110001 0 1 1 1 0 0 0 1 
62.5255 187.5765 15.3174 112 01110000 0 1 1 1 0 0 0 0 
62.7529 188.2588 15.2066 111 01101111 0 1 1 0 1 1 1 1 
62.9804 188.9412 15.0969 110 01101110 0 1 1 0 1 1 1 0 
63.2078 189.6235 14.9885 109 01101101 0 1 1 0 1 1 0 1 
63.4353 190.3059 14.8812 108 01101100 0 1 1 0 1 1 0 0 
63.6627 190.9882 14.7751 107 01101011 0 1 1 0 1 0 1 1 
63.8902 191.6706 14.6700 106 01101010 0 1 1 0 1 0 1 0 
64.1176 192.3529 14.5661 105 01101001 0 1 1 0 1 0 0 1 
64.3451 193.0353 14.4634 104 01101000 0 1 1 0 1 0 0 0 
64.5725 193.7176 14.3616 103 01100111 0 1 1 0 0 1 1 1 
64.8000 194.4000 14.2610 102 01100110 0 1 1 0 0 1 1 0 
65.0275 195.0824 14.1614 101 01100101 0 1 1 0 0 1 0 1 
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65.2549 195.7647 14.0629 100 01100100 0 1 1 0 0 1 0 0 
65.4824 196.4471 13.9653 99 01100011 0 1 1 0 0 0 1 1 
65.7098 197.1294 13.8688 98 01100010 0 1 1 0 0 0 1 0 
65.9373 197.8118 13.7733 97 01100001 0 1 1 0 0 0 0 1 
66.1647 198.4941 13.6788 96 01100000 0 1 1 0 0 0 0 0 
66.3922 199.1765 13.5852 95 01011111 0 1 0 1 1 1 1 1 
66.6196 199.8588 13.4926 94 01011110 0 1 0 1 1 1 1 0 
66.8471 200.5412 13.4009 93 01011101 0 1 0 1 1 1 0 1 
67.0745 201.2235 13.3102 92 01011100 0 1 0 1 1 1 0 0 
67.3020 201.9059 13.2204 91 01011011 0 1 0 1 1 0 1 1 
67.5294 202.5882 13.1315 90 01011010 0 1 0 1 1 0 1 0 
67.7569 203.2706 13.0435 89 01011001 0 1 0 1 1 0 0 1 
67.9843 203.9529 12.9563 88 01011000 0 1 0 1 1 0 0 0 
68.2118 204.6353 12.8701 87 01010111 0 1 0 1 0 1 1 1 
68.4392 205.3176 12.7847 86 01010110 0 1 0 1 0 1 1 0 
68.6667 206.0000 12.7001 85 01010101 0 1 0 1 0 1 0 1 
68.8941 206.6824 12.6164 84 01010100 0 1 0 1 0 1 0 0 
69.1216 207.3647 12.5335 83 01010011 0 1 0 1 0 0 1 1 
69.3490 208.0471 12.4514 82 01010010 0 1 0 1 0 0 1 0 
69.5765 208.7294 12.3702 81 01010001 0 1 0 1 0 0 0 1 
69.8039 209.4118 12.2897 80 01010000 0 1 0 1 0 0 0 0 
70.0314 210.0941 12.2100 79 01001111 0 1 0 0 1 1 1 1 
70.2588 210.7765 12.1310 78 01001110 0 1 0 0 1 1 1 0 
70.4863 211.4588 12.0529 77 01001101 0 1 0 0 1 1 0 1 
70.7137 212.1412 11.9755 76 01001100 0 1 0 0 1 1 0 0 
70.9412 212.8235 11.8988 75 01001011 0 1 0 0 1 0 1 1 
71.1686 213.5059 11.8229 74 01001010 0 1 0 0 1 0 1 0 
71.3961 214.1882 11.7477 73 01001001 0 1 0 0 1 0 0 1 
71.6235 214.8706 11.6732 72 01001000 0 1 0 0 1 0 0 0 
71.8510 215.5529 11.5994 71 01000111 0 1 0 0 0 1 1 1 
72.0784 216.2353 11.5263 70 01000110 0 1 0 0 0 1 1 0 
72.3059 216.9176 11.4539 69 01000101 0 1 0 0 0 1 0 1 
72.5333 217.6000 11.3822 68 01000100 0 1 0 0 0 1 0 0 
72.7608 218.2824 11.3111 67 01000011 0 1 0 0 0 0 1 1 
72.9882 218.9647 11.2407 66 01000010 0 1 0 0 0 0 1 0 
73.2157 219.6471 11.1710 65 01000001 0 1 0 0 0 0 0 1 
73.4431 220.3294 11.1019 64 01000000 0 1 0 0 0 0 0 0 
73.6706 221.0118 11.0335 63 00111111 0 0 1 1 1 1 1 1 
73.8980 221.6941 10.9656 62 00111110 0 0 1 1 1 1 1 0 
74.1255 222.3765 10.8985 61 00111101 0 0 1 1 1 1 0 1 
74.3529 223.0588 10.8319 60 00111100 0 0 1 1 1 1 0 0 
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74.5804 223.7412 10.7659 59 00111011 0 0 1 1 1 0 1 1 
74.8078 224.4235 10.7005 58 00111010 0 0 1 1 1 0 1 0 
75.0353 225.1059 10.6358 57 00111001 0 0 1 1 1 0 0 1 
75.2627 225.7882 10.5716 56 00111000 0 0 1 1 1 0 0 0 
75.4902 226.4706 10.5080 55 00110111 0 0 1 1 0 1 1 1 
75.7176 227.1529 10.4449 54 00110110 0 0 1 1 0 1 1 0 
75.9451 227.8353 10.3825 53 00110101 0 0 1 1 0 1 0 1 
76.1725 228.5176 10.3206 52 00110100 0 0 1 1 0 1 0 0 
76.4000 229.2000 10.2592 51 00110011 0 0 1 1 0 0 1 1 
76.6275 229.8824 10.1984 50 00110010 0 0 1 1 0 0 1 0 
76.8549 230.5647 10.1381 49 00110001 0 0 1 1 0 0 0 1 
77.0824 231.2471 10.0784 48 00110000 0 0 1 1 0 0 0 0 
77.3098 231.9294 10.0191 47 00101111 0 0 1 0 1 1 1 1 
77.5373 232.6118 9.9605 46 00101110 0 0 1 0 1 1 1 0 
77.7647 233.2941 9.9023 45 00101101 0 0 1 0 1 1 0 1 
77.9922 233.9765 9.8446 44 00101100 0 0 1 0 1 1 0 0 
78.2196 234.6588 9.7874 43 00101011 0 0 1 0 1 0 1 1 
78.4471 235.3412 9.7308 42 00101010 0 0 1 0 1 0 1 0 
78.6745 236.0235 9.6746 41 00101001 0 0 1 0 1 0 0 1 
78.9020 236.7059 9.6189 40 00101000 0 0 1 0 1 0 0 0 
79.1294 237.3882 9.5637 39 00100111 0 0 1 0 0 1 1 1 
79.3569 238.0706 9.5089 38 00100110 0 0 1 0 0 1 1 0 
79.5843 238.7529 9.4546 37 00100101 0 0 1 0 0 1 0 1 
79.8118 239.4353 9.4008 36 00100100 0 0 1 0 0 1 0 0 
80.0392 240.1176 9.3475 35 00100011 0 0 1 0 0 0 1 1 
80.2667 240.8000 9.2946 34 00100010 0 0 1 0 0 0 1 0 
80.4941 241.4824 9.2421 33 00100001 0 0 1 0 0 0 0 1 
80.7216 242.1647 9.1901 32 00100000 0 0 1 0 0 0 0 0 
80.9490 242.8471 9.1385 31 00011111 0 0 0 1 1 1 1 1 
81.1765 243.5294 9.0874 30 00011110 0 0 0 1 1 1 1 0 
81.4039 244.2118 9.0367 29 00011101 0 0 0 1 1 1 0 1 
81.6314 244.8941 8.9864 28 00011100 0 0 0 1 1 1 0 0 
81.8588 245.5765 8.9365 27 00011011 0 0 0 1 1 0 1 1 
82.0863 246.2588 8.8871 26 00011010 0 0 0 1 1 0 1 0 
82.3137 246.9412 8.8380 25 00011001 0 0 0 1 1 0 0 1 
82.5412 247.6235 8.7894 24 00011000 0 0 0 1 1 0 0 0 
82.7686 248.3059 8.7411 23 00010111 0 0 0 1 0 1 1 1 
82.9961 248.9882 8.6933 22 00010110 0 0 0 1 0 1 1 0 
83.2235 249.6706 8.6458 21 00010101 0 0 0 1 0 1 0 1 
83.4510 250.3529 8.5988 20 00010100 0 0 0 1 0 1 0 0 
83.6784 251.0353 8.5521 19 00010011 0 0 0 1 0 0 1 1 
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83.9059 251.7176 8.5058 18 00010010 0 0 0 1 0 0 1 0 
84.1333 252.4000 8.4599 17 00010001 0 0 0 1 0 0 0 1 
84.3608 253.0824 8.4143 16 00010000 0 0 0 1 0 0 0 0 
84.5882 253.7647 8.3691 15 00001111 0 0 0 0 1 1 1 1 
84.8157 254.4471 8.3243 14 00001110 0 0 0 0 1 1 1 0 
85.0431 255.1294 8.2798 13 00001101 0 0 0 0 1 1 0 1 
85.2706 255.8118 8.2357 12 00001100 0 0 0 0 1 1 0 0 
85.4980 256.4941 8.1920 11 00001011 0 0 0 0 1 0 1 1 
85.7255 257.1765 8.1485 10 00001010 0 0 0 0 1 0 1 0 
85.9529 257.8588 8.1055 9 00001001 0 0 0 0 1 0 0 1 
86.1804 258.5412 8.0627 8 00001000 0 0 0 0 1 0 0 0 
86.4078 259.2235 8.0204 7 00000111 0 0 0 0 0 1 1 1 
86.6353 259.9059 7.9783 6 00000110 0 0 0 0 0 1 1 0 
86.8627 260.5882 7.9366 5 00000101 0 0 0 0 0 1 0 1 
87.0902 261.2706 7.8952 4 00000100 0 0 0 0 0 1 0 0 
87.3176 261.9529 7.8541 3 00000011 0 0 0 0 0 0 1 1 
87.5451 262.6353 7.8133 2 00000010 0 0 0 0 0 0 1 0 
87.7725 263.3176 7.7729 1 00000001 0 0 0 0 0 0 0 1 
88.0000 264.0000 7.7328 0 00000000 0 0 0 0 0 0 0 0 
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